The impacts of biochar addition with nitrogen fertilizer (Urea-N) on greenhouse gas (GHG) fluxes and grain yields are not comprehensively understood. Therefore, we designed a field experiment in an intensive rice-wheat cropping system located in the Taihu Lake region of China and measured CH 4 and N 2 O emissions for 2 consecutive years to examine the impacts of biochar combined with N-fertilizer on rice production and GHG flux. Three field experimental treatments were designed: (1) no N-fertilizer application (N0); (2) biochar application (N270 + C). We found that, compared with urea application alone, biochar applied with Urea-N fertilizer increased N use efficiency (NUE) and resulted in more stable growth of rice yield. In addition, biochar addition increased CH 4 emissions by 0.5-37.5% on average during the two consecutive rice-growing seasons, and decreased N 2 O-N loss by ~ 16.7%. During the first growing season, biochar addition did not significantly affect the global warming potential (GWPt) or the greenhouse gas intensity (GHGI) of rice production (p > 0.05). By contrast, during the second rice-growing season, biochar application significantly increased GWPt and GHGI by 28.9% and 18.8%, respectively, mainly because of increased CH 4 emissions. Our results suggest that biochar amendment could improve grain yields and NUE, and increased soil GWPt, resulting in a higher potential environmental cost, but that biochar additions enhance exogenous carbon sequestration by the soil, which could offset the increases in GHG emissions.
Introduction
Both methane (CH 4 ) and nitrous oxide (N 2 O) are important greenhouse gases (GHGs) and their global warming potentials (GWP) are 25 and 298 times higher than that of carbon dioxide (CO 2 ) on a 100-year horizon (IPCC 2007) . To slow the global warming trend and limit the increase in mean atmospheric temperature to 2 °C by 2050, GHG emissions must be decreased by 40-70% compared with 2010 levels (IPCC 2014) . Therefore, there is an urgent need to reduce CH 4 and N 2 O emissions globally (IPCC 2007) . In 2005, ~ 10-12% of CH 4 and N 2 O emissions came from agricultural soils, highlighting the latter as a major source of GHG emissions (Smith et al. 2008) . In China, the annual total CH 4 and N 2 O released from paddy fields is ~ 7.4 Tg CH 4 and ~ 50.3 Gg N 2 O, respectively, during the rice-growing seasons, comprising 2.7% of the total anthropogenic GHG emissions and 29.2% of agricultural soil GHG emissions (Yan et al. 2009; Chen and Zhang 2010; Cai 2012) . Therefore, identification of mitigation strategies for reducing agricultural soil CH 4 and N 2 O emissions and simultaneously maintaining grain yields is urgently needed.
In China, as much as 7.9 × 10 8 t yr −1 of crop straw is produced. The production is steadily increasing at an annual rate of 1.3 × 10 7 t yr −1 (Zhong et al. 2003) , and most crop straw is typically returned directly back to the field, given that burning of this straw is not permitted (Zhang et al. 2016 ). However, longterm straw application is not conducive to a reduction in GHG emissions because it significantly increases the CH 4 emissions and only slightly enhances the grain yields of rice and wheat (Xia et al. 2014) . For decades, the conversion of crop straw into biochar under different temperatures and limited oxygen conditions has been advocated as a feasible way to decrease GHG emissions by sequestrating carbon in biochar; the addition of biochar to agricultural soils could also improve the chemical properties of the soil and grain yields by altering the soil surface area, its water-holding capacity, and so on (Lehmann et al. 2006; Scheer et al. 2011; Mukherjee et al. 2014; Agegnehu et al. 2017) . Woolf et al. (2010) estimated that the annual net cumulative GHG emissions could be decreased by up to 12% of current anthropogenic CO 2 -C equivalent emissions by the sustainable global implementation of biochar application.
Biochar can decrease GHG emissions of agricultural soils mainly because of a reduction in N 2 O emissions (Cayuela et al. 2014) . However, previous results suggested that the effects of biochar on agricultural soil GHG emissions and grain yields are inconsistent, and are affected by the properties of the biochar feedstock, agricultural soil type, crop species, and farmland management practices (Jeffery et al. 2011; Cayuela et al. 2014) . For instance, Zhang et al. (2010) reported an increase in CH 4 emissions up to 33% with biochar addition compared with control treatments in paddy field soil. Similarly, the impacts of biochar on N 2 O-N emissions have also been inconsistent. A previous study reported that the cumulative N 2 O emissions could be decreased by 70% with the addition of biochar to pasture soil containing ruminant urine (Taghizadeh-Toosi et al. 2011 ). The decreases in N 2 O emissions were mainly attributed to the increase in soil pH caused by the addition of biochar, which enhanced the activity of N 2 O-reductase enzymes of denitrifiers (Xu et al. 2014) . However, there is evidence that biochar addition did not reduce the seasonal total N 2 O emissions of a subtropical pasture soil and a Mediterranean wheat crop soil (Scheer et al. 2011) . Moreover, the results of some studies showed that the uncertain impacts of biochar on N 2 O-N emissions were related to the chemical composition of the biochar, pyrolysis conditions, feedstock, and biochar application rates Brassard et al. 2016) .
Thus, the impacts of biochar addition on CH 4 and N 2 O emissions, especially in the field, remain unclear. Therefore, we conducted a field experiment to study the impacts of biochar applications on rice grain yields, GHG emissions, and on agronomic nitrogen use efficiency (NUE) over two rice-growing seasons in the Taihu Lake region of China. We hypothesized that biochar would increase grain yields and agronomic NUE and mitigate GHG emissions.
Materials and methods

Study site
The experimental field plots were located at the Changshu agro-ecological experimental station (120°41′88″E, 31°32′93″N) in the Yangtze River delta. The region has a north subtropical monsoon climate. A drained winter wheat (Triticum aestivum L.), flooded rice (Oryza sativa L.) rotation system with intensive management was the main cropping regime. The soil, classified as Gleyi-Stagnic Anthrosol (CRGCST 2001), was developed from lacustrine sediments. The pH of the topsoil (0-20 cm) was 6.99, the soil organic carbon (SOC) content was 26.6 g kg −1 , the total N (TN) content was 2.83 g kg −1 and the C:N ratio was 9.40.
Agricultural management practices and experimental design
We carried out the field experiment during the rice-growing seasons of 2016 and 2017, and three treatments including two N fertilization application levels were designed: (1) no N-urea applied (N0); (2) 270 kg N-urea ha −1 applied (N270); and (3) 25 t ha −1 biochar applied plus 270 kg N-urea ha −1 (N270 + C). The experimental plots were arranged randomly with four replicates. The area of each plot was 6 m × 7 m. An earthen ridge (width: 30 cm) was used to separate each plot. The lateral water movement in plots was prevented by polyvinyl chloride (PVC) boards. N-fertilizer (urea-N) application was made during four different phonological stages of rice growth: 50% for basal fertilization, 10% when tillering, 20% during anthesis, and 20% for heading topdressing. In addition, for the N270 + C treatment, the basal fertilizer was amended with biochar. Calcium superphosphate (P 2 O 5 , 13.5%) was only applied as a basal fertilizers (90 kg P 2 O 5 ha −1 ), whereas potassium chloride (K 2 O, 60%) was applied as a basal fertilizer (50%) and anthesis topdressing (50%), with a total addition of 120 kg K 2 O ha −1 for all treatments (Table 1 ). In the field experiment, an alternating flooding and drainage cycle of flooding-drainage-reflooding-moistening was maintained throughout the growing seasons; the depth of surface water was maintained at 3-5 cm until the midseason aeration, followed by drainage for ~ 10 days (from about July 25 to August 3), reflooding (from about August 4 to September 20), and then final intermittent irrigation, which was stopped irrigation on October 15.
In this study, the biochar we used contained 238 g C kg −1 and 0.81 g N kg −1 , with a pH (H 2 O) of 10.9. The feedstock of biochar was rice hulls, and it was made in a biogas-energy pyrolysis furnace with a retention time of 8 h; the maximum pyrolysis temperature was 500 °C.
Measurements and analysis of N 2 O and CH 4
The static opaque chamber method was used to measure the N 2 O and CH 4 emission rates continuously. The opaque chamber was made of unplasticized PVC materials and its height was set according to the plant height (0.5 and 1.1 m).
The bottom area of chamber was 0.5 m × 0.5 m. The chamber was placed on a PVC base in each experimental plot. The CH 4 and N 2 O emission rates were measured once or twice per week in the growing period, and the sampling frequency was increased after fertilizer application and drainage and re-irrigation, with sampling at intervals of 1 day and measurements being taken four times a day. From 9:00 to 11:00 am, four samples from each chamber headspace were extracted using 20-ml syringes at the 0th, 10th, 20th, and 30th min after the chamber had been closed. The CH 4 and N 2 O concentrations were analyzed on an Agilent 7890A gas chromatography system, equipped with a flame ionization detector and an electron capture detector. The inner air temperature of the chamber was determined with a thermometer to calculate the GHG flux. The emission rates of CH 4 and N 2 O were calculated according to the linear change rate of gas concentrations in the enclosed chamber with time, as described by Jia et al. (2012) .
NUE, emission factors, and GHG index calculations
The NUE and the N 2 O emission factor (EF d %) were calculated according to the following equations, respectively where U N is the N uptake of grain (kg N ha −1 ) measured at physiological maturity in N270 and N270 + C treatments, U 0 is the N uptake of grain measured in the N0 treatment, E N and E 0 denote the cumulative N 2 O fluxes of N fertilization and no fertilizer treatments, respectively, and F N is the N-fertilizer application rate.
The global warming potential (GWPt, kg CO 2 -eq ha −1 year −1 ) was calculated according to the following equation (Xia et al. 2014 ):
where R(CH 4 ) and R(N 2 O) are the seasonal cumulative emissions of CH 4 and N 2 O (kg ha −1 ) measured in the 2016 and 2017 rice-growing seasons, respectively. On a 100-year scale, the GWPt of 1 kg CH 4 and 1 kg N 2 O are 25 kg and 298 kg CO 2 equivalents, respectively (without inclusion of climate-C feedbacks) (IPCC, 2007) .
In this study, we hypothesized that SOC increase was mainly caused by the C sequestration effect of biochar (BIO c − sequestration , kg C ha −1 year −1 ); the BIO c − sequestration was calculated using the following equation:
where SOC N270 + C and SOC N270 refer to the concentration of soil organic C (g kg −1 ) of the plough horizon (0-20 cm); ρ N270 + C and ρ N270 are the soil bulk density (g cm −3 ) for the N270 + C and N270 treatments, respectively; and H is the depth of the plough horizon, which was 0.2 m in this study.
The GHG intensity (GHGI; kg CO 2 -eq t −1 grain) was calculated according to the following equation (Mosier et al. 2006; Shang et al. 2011): where Y was the annual grain yield of each cropping system.
Measurements of meteorological data and soil physicochemical properties
Precipitation and temperature were recorded at a meteorological station (Vaisala, Finland) near the experimental plots. Soil volume water content and temperature at a depth of 0-10 cm were monitored by an automatic soil-water-monitoring system (Stevens Water Monitoring system, Campbell Scientific Inc., USA). Inorganic N (NO 3 − -N and NH 4 + -N) was extracted from the soil with 2 M KCl at a solution/soil ratio of 10:1, and shaken for 1 h; filter liquor was then used to determine NO 3 − −N and NH 4 + −N using an chemical analyzer (Smartchem140, AMS, Italy). Soil pH was determined in a soil solution with a portable pH meter, at a soil:MilliQ water ratio of 1:2.5 (w/v). The concentrations of SOC and TN were determined with a C/N element analyzer (Vario Max CN, Elementar, Germany). The TN concentration of rice straw and grain was also measured on a C/N element analyzer. Dissolved organic carbon (DOC) was extracted with deionized water, at a water/soil ratio of 5:1, and the filter solution was analyzed with a N/C 3000 multi-analyzer (Analytik Jena AG, Germany). The soil bulk density was determined using the intact core method (Al-Shammary et al. 2018). Soil particle size was measured using a laser particle size analyzer (LS13320, Beckman Coulter, Brea, CA, USA).
Data analyses
All data analyses and graphs were performed with SPSS 18.0 and Origin 8.6. A one-way analysis of variance (ANOVA) was used for the multiple comparisons of the effects of biochar on the mean total fluxes of CH 4 , N 2 O, grain yield, and agronomic NUE among the different treatments followed by least significant difference test at a probability level of p < 0.05. The results refer to the means and standard deviations (mean ± SD, n = 4) of the data.
Results
Environmental factors
During the rice-growing period, the annual mean air temperature was 25.7 °C and the mean precipitation was 796.8 mm (Fig. 1) . The soil daily mean volume water content was 0.43-0.51 cm 3 cm −3 and 0.49-0.48 cm 3 cm −3 during the 2016 and 2017 rice-growing seasons, respectively. To suppress the nonproductive tillering of rice, soil drying in the field began on July 27 and ended on August 4; thus, the topsoil volume water content showed a downward trend. Starting on October 15 to the end of the harvest, there was no irrigation, but the topsoil volume water content exhibited an upward trend caused by heavy precipitation in 2016 (Fig. 2) . The topsoil daily mean temperature trend was similar to that 
Soil properties, rice yield, and agronomic NUE
As shown in Table 2 , the pH concentrations of the different treatments varied from 6.95 to 7.38 during the ricegrowing seasons. Biochar addition significantly increased soil pH (p < 0.05) compared with the N270 treatment. Soil SOC, TN, and DOC concentrations were 26.5-35.2 g kg −1 , 2.63-3.08 g kg −1 , and 485.4-1038.9 mg kg −1 , respectively, which resulted in a C/N ratio of 9.3-11.4. Soil SOC increased significantly when biochar was added (p < 0.05), and DOC concentrations and the C/N ratio showed a similar pattern. Compared with the N270 treatment, biochar had positive effect on soil NO 3 − -N concentration, especially during the 2017 rice-growing season, whereas it had no effect on soil NH 4 + -N concentration. The rice yields under the experimental plots varied from 7.67 to 10.98 t ha −1 during the 2016 rice-growing season and from 7.36 to 10.46 t ha −1 during the 2017 rice-growing season; the rice yields under biochar treatments were higher than for the other treatments in both years (Table 3 ). The increases in harvested rice yields and NUE following the addition of biochar were 7.4-28.6% and 4.7-20.8%, respectively, compared with the N270 treatment.
Seasonal total CH 4 emissions
A similar flux pattern occurred for all plots throughout the growing season in both 2016 and 2017 (Fig. 3) . Among the three treatments, the CH 4 fluxes were 0.027-8.815 mg C m −2 h −1 and 0.011-3.517 mg C m −2 h −1 in the 2016 and 2017 rice-growing seasons, respectively. For all treatments, CH 4 fluxes exhibited an upward trend from the transplanting period because the field was waterlogged; seasonal peak emissions were observed during the final tillering period in The CH 4 emissions of all treatments significantly decreased during the midseason aeration period with decreasing topsoil volume water content, and remained low until the rice was harvested.
The seasonal cumulative CH 4 fluxes were 26.2-48.3 kg C ha −1 and 11.2-31.5 kg C ha −1 during the 2016 and 2017 rice-growing seasons, respectively (Table 4 ). In the two consecutive rice-growing cycles, biochar application increased CH 4 fluxes by 0.6% during the first rice cycle and by 37.5% during the second rice cycle compared with the N270 treatment.
Seasonal total N 2 O emissions
The annual N 2 O flux was 0.0006-0.0387 mg N m −2 h −1 during the two consecutive rice-growing cycles. As shown in Fig. 4 , the peak N 2 O fluxes occurred after each fertilization application and the decreased in all treatments. The midseason aeration period also resulted in substantial N 2 O fluxes and sharply decreased as the field became waterlogged (Fig. 4) . (Table 3) .
Overall GWPt and GHGI
During the two consecutive rice-growing cycles, the average GWPt and GHGI for all treatments varied from 442 to 1686 kg CO 2 eq ha −1 and from 60.3 to 158.3 kg t −1 , respectively, and CH 4 emissions dominated the GWPt in the paddy fields (Table 4) . During the first rice-growing cycle, biochar addition had no significant effect on GWPt and GHGI (p > 0.05). By contrast, during the second rice-growing cycle, biochar addition significantly increased GWPt and GHGI by 28.9% and 18.8%, respectively, mainly because of increased CH 4 fluxes.
Discussion
The effects of biochar on rice yields and agronomic NUE
Biochar amendment had a positive effect on increasing grain yield and NUE compared with the N270 treatment (Table 3) . These findings were consistent with previous studies Zhang et al. 2012) . A previous study also documented that biochar application with N-fertilizer to paddy field enhanced rice yields because of improved soil properties, such as increased amounts of microelements, soil pH and water-holding capacity, and decreased amounts of exchangeable Al (Chan et al. 2008; Asai et al. 2009; Gaskin et al. 2010; Major et al. 2010; Sohi et al. 2010; Van Zwieten et al. 2010a; Haefele et al. 2011 ). In the current study, biochar increased pH, SOC, and TN concentrations and resulted in a high C/N ratio, which favored increased grain yield and NUE (Table 2 ).
Biochar effects on N 2 O emissions
Biochar addition has been recommended as an effective pathway to mitigate climate change by decreasing soil N 2 O fluxes (Cayuela et al. 2013; Nelissen et al. 2014) . The seasonal total N 2 O-N emissions decreased from 31 to 58% when biochar was added at a rate of 10-40 t ha −1 . However, some studies have shown that biochar did not affect, or even significantly increased, soil N 2 O emissions (Clough et al. 2010; Cheng et al. 2012) . Our results showed that biochar had a positive effect on reducing N 2 O emissions; the N 2 O-N emission factor was the lowest for the N270 + C treatment (Table 4 ). In the present study, biochar application at 25 t ha −1 decreased N 2 O-N emissions by ~ 16.7% compared with the N270 treatment (Table 4 , Fig. 4) , which was also reported by other studies Zhang et al. 2012) . It is generally assumed that denitrification is inhibited because the added biochar increases soil aeration Van Zwieten et al. 2010b; Zhang et al. 2010; Kinney et al. 2012) or adsorption of NO 3 − (Prendergast-Miller et al. 2011) . In addition, biochar use could increase soil pH, which increases the activity of N 2 O-reductase enzymes of denitrifiers, facilitating the reduction of N 2 O to N 2 (ŠImek and Cooper 2002; Xu et al. 2014; Wang et al. 2017) . A previous study showed that biochar application increased N 2 -N emissions by 3.3-9.7% (Wang et al. 2017 ).
The impacts of biochar on CH 4 emissions
As shown in Table 4 , the seasonal cumulative CH 4 -C emissions among different treatments varied from 11.2 to 48.3 kg ha −1 within the range of a previous similar study (Huang et al. 2004 ). In the present study, biochar amendment at the rate of 25 t ha −1 increased CH 4 -C fluxes by 0.5-37.5% compared with the N270; a similar result to that of previous studies Knoblauch et al. 2011; Wang et al. 2012 ). Biochar addition promoted CH 4 emissions probably because the amount of biochar applied (25 t ha −1 in this study) contributed towards an optimal soil C/N for CH 4 production. High biochar additions have previously been shown to result in a high C/N ratio, which could cause an N-limiting environment for methanogenic bacteria . By contrast, biochar addition increased the substrate supply and created a favorable environment for methanogen activity, especially in flooded rice fields (Kögel-Knabner et al. 2010) ; the rice biomass could be simultaneously increased with biochar application, which could be one reason for the increase in CH 4 emissions (Lehmann et al. 2011) . In general, the feedstock source and chemical properties of biochar and the rates of biochar addition have been used to interpret the impacts of biochar on CH 4 production, but the mechanisms of the effects of biochar on CH 4 emissions were also unclear; thus, the mechanisms resulting in CH 4 emissions in biochar-added soils need to be studied further (Van Zwieten et al. 2009; Zhang et al. 2010 Zhang et al. , 2012 .
The effects of biochar on GWPt and C sequestration
As well documented in the literature, CH 4 emissions dominate the GWPt in rice fields (Shang et al. 2011) . The average proportion of GWPt caused by CH 4 -C emissions was ~ 95% in the current study. Biochar addition increased GWPt mainly through a positive effect on CH 4 -C emissions, thus also increasing GHGI relative to the N270 treatment, although it also increased rice yields. Biochar can be stable in soils and sediments for a long time (hundreds to thousands of years) (Lehmann et al. 2006; Kuzyakov et al. 2014 ) because of its recalcitrant structure. Moreover, the mineralization of soil organic matter was reduced when biochar was added and the level of soil organic matter was increased (Wang et al. 2016 ). In the current study, after biochar was added, ~ 14,839 kg C ha −1 was sequestrated in soil during the field experiment, which was higher than the GWPt increased by biochar (Table 4 , Fig. 5 ). In addition, the decomposition rate of biochar was only 5.7% year −1 in the current study (Fig. 5 ). In the present study, it is clear that the addition of biochar to paddy soil did not contribute toward reducing GWPt, but did fix a considerable amount of exogenous C into the soil. Consequently, biochar application remains a feasible approach to facilitate soil C sequestration and simultaneously increase rice yield.
Conclusions
The current study showed that biochar addition resulted in increased and stabilized grain yields and NUE. Biochar addition simultaneously increased CH 4 emissions and resulted in high GWPt but with decreased N 2 O emissions, and, thus, could increase environmental costs; however, biochar can sequester exogenous C into the soil at the same time, which could offset the increases in GHG emissions. Therefore, biochar remains a suitable soil additive for soil C sequestration and increasing rice yields, although more attention should be paid to the environmental cost caused by the increase in GHG emissions caused by the use of biochar.
